This paper reports the results of a car-following measurement of the wireless propagation channel at 5.9 GHz on a seriously congested urban road in Wuhan, China. The small-scale amplitude-fading distribution was determined to be a Ricean distribution using the Akaike information criterion. This result shows that this car-following scenario can be regarded as a lineof-sight radio channel. Moreover, the statistical K-factor features follow a Gaussian distribution. According to the power delay profile and average power delay profile, we found that street buildings in this dense urban environment contributed to very strong reflection phenomena. The impact of a powerful reflection is analyzed through path loss, delay, and Doppler spreads in the channel statistical properties. In the frequency domain, we observe a U-shape delay-Doppler spectrum that proved that the dense urban scenario consists of scattering channels. All these results are summarized in tabular form that will be useful in the modeling of vehicle-to-vehicle wireless communication systems.
Introduction
As mobile communications and wireless Internet technology continue to develop, the combination of smart phones and wireless broadband has greatly facilitated our life. With the increasing demand for the Internet of Things, more researchers have begun to focus on intelligent transportation systems (ITSs) [1] . In the future, each car will have an intelligent terminal system that will enable it to obtain real-time information from the Internet of Vehicles for optimizing its behavior and trips [2] . Among all of the technologies in an ITS, vehicle-to-vehicle (V2V) wireless communication is an important part of the vehicle networking system. Thus, the United States Federal Communication Commission specifically allocated 5.9 GHz for ITSs in 1999 [3] .
To ensure effective information transmission in the vehicle network, a large number of studies analyzing the channel characteristics of vehicle communications have been performed. The authors of [4] performed measurements of a vehicle passing through an overpass and analyzed the rootmean-square (RMS) delay spread and path loss. In [5] , aboveground parking garages were investigated using multiple measurements in different scenarios. In addition, [6] studied the path loss, small-scale fading, shadowing effect, and crosscorrelation that occurs when a large bus is located between two compact cars. The authors of [7] focused on tunnels and studied the effect of occlusion in the environment on radio signal transmission. Using 4 × 4 5.2 GHz multipleinput multiple-output measurements, [8] determined the delay-Doppler spectrum in a city environment. Reference [9] studied V2V communication at merging lanes on the highway, and [10] used local scattering functions to deal with measured data for several urban scenarios at 5.2 GHz, studying delay and Doppler spreads. Reference [11] researched path loss models for four slope scenarios. The characteristics of the K-factor, which is an important parameter of the Ricean distribution, were studied in [12] [13] [14] [15] [16] . Finally, [17] studied wireless channel properties on high-speed railways.
It introduced best-fit small-scale amplitude-fading distribution and Ricean K-factor analysis in detail.
Many V2V measurement scenarios were provided in [18] , which includes four street-crossing scenarios in suburban and urban areas as well as scenarios for highways, merging lanes, tunnels, bridges, traffic congestion, and vehicles approaching traffic jams. However, because it is a common situation in dense urban regions, traffic congestion needs a more comprehensive analysis. Moreover, current research on vehicle wireless communications are mainly conducted in Europe and American environments [19] [20] [21] , specifically for the ITS frequency bands (5.85-5.925 GHz). There is a lack of sufficient V2X channel measurements in Asian areas, where the population density, vehicles, and layout of the streets and buildings are different from those of Europe and American cities (e.g., in the congestion scenario in this study, vehicle speeds are around 0-5 m/s, which is much slower than those in [18] , which are 4.2-8.3 m/s). To fill these gaps, this study carried out a car-following V2V measurement at 5.9 GHz on a seriously congested dense urban road in Wuhan, China. The channel estimation results and statistical analysis are presented for power, delay, and frequency domains.
The remainder of this paper is arranged as follows: Section 2 presents the measurement environment, including the scenario overview, equipment setup, and measurement description. Next, small-scale amplitude fading and Ricean K-factors are analyzed in Section 3.1. The power-delay profile (PDP) and path loss as well as the impact of powerful reflection phenomena on the energy domain and statistics are shown in Sections 3.2 and 3.3, respectively. Section 3.4 provides the Doppler domain analysis. Finally, Section 4 presents the conclusions.
Measurement Experiments
2.1. Scenario Overview. We chose the Luoshi Road in Wuhan as the measurement area. The traffic situation on this road is very complex. This road section is not only an important node of the second ring road but also includes an intersection for South Luoshi Road and Xiongchu Road (shown in Figure 1(a) ). During rush hour, traffic flow from the west, south, and east gather at the northern edge of the area to enter the dense urban regions of Wuhan.
A trapezoid is generated where the lanes decrease from five to three, as shown in Figure 1(b) . This shape leads to a bottleneck, which can easily cause congestion when the traffic flow increases. Furthermore, this road has another bottleneck before it (about 500 m away). As shown in Figure 1(c) , a large number of vehicles change lanes here. Vehicle lane-changing behaviors cause cars to decelerate, which leads to another bottleneck. In this investigation, we found that this section is normally always congested except for late at night. Sometimes a traffic queue can be as long as 2 km. In addition, this section is surrounded by numerous tall buildings on the eastern and western sides. Thus, this area is a complex dense urban environment. Note that there are large metal signs over the street and overpasses crossing the street, as shown in Figure 1 (b). All this infrastructure leads to complex reflection phenomena. 2(b) , respectively. The V2V channel was measured using the Super Radio AS TDM channel sounder. A chirp signal with a bandwidth of 100 MHz was emitted at 5.9 GHz. Our test system is powered by an uninterruptible power supply and uses a CSGPS-38BH global positioning system (GPS) connected to the channel sounder. Measurement data, formatted as a time-varying channel transfer function H(f,t) and GPS information, were collected and stored on a laptop in real time. Table 1 gives the details of the measurement parameters.
2.2.2. Measurement Description. Our measurements were performed at 30°30′52.75″N 114°20 ′ 40.99 ″ E. The measurement duration was 109 s. Figure 3 shows the test route and speed of the measurement vehicles. As recorded on video, the two cars started in different lanes. They then merged into one lane after 70 s. During the test process, the TX vehicle remained in front of the RX vehicle. As shown in Figure 3 
Channel Estimation and Result Analysis
3.1. LOS Condition Determination and Ricean K-Factor Analysis. V2V wireless channel parameters have timevarying and nonstationary characteristics due to the dynamic changes of scatterers and high-speed movement of the transmitting and receiving stations [22] . To estimate the features of the wireless channel parameters, one solution is to set a quasi-stationary window for the V2V wireless channel parameter estimation assuming wide-sense stationary and uncorrelated scatterers (WSSUS) [6, 17, 23] . In this study, a sliding window of 10 wavelengths was used, and the radio channel can be treated as static in each window. The acquisition of the large-scale fading characteristics in the following text and the estimation of the small-scale features in Sections 3.2 and 3.3 are both based on it.
Akaike information criteria (AIC) algorithm is an algorithm that measures the relative fitness of a statistical model. It is commonly used to select a distribution model [24, 25] . The small-scale amplitude-fading distribution with the smallest AIC value corresponds to the best matching model [26] . Ricean, Nakagami-m, Weibull, Lognormal, and Rayleigh distributions were considered as candidate distributions [22, [27] [28] [29] [30] .
In Figure 4 , the biggest value of the Akaike weight for a model indicates the distribution of the model that best matches the data. Figure 4 shows that the Ricean distribution (97.87%) best fits this car-following congestion scenario. The scores for the Nakagami-m and Weibull distributions are 2 International Journal of Antennas and Propagation only 1.42% and 0.71%, respectively. The K-factor is an important parameter of the Ricean distribution [31] and is the ratio of the energy of the line-of-sight (LOS) path ρ 2 to the energy of all other reflection paths 2σ 2 [23, 32] . As shown in Figure 5(a) , the values of the K-factor are positive most of the time, which proves that this radio channel is a LOS channel. The cumulative distribution function (CDF) of the Kfactor values is shown in Figure 5 3 International Journal of Antennas and Propagation factor decrease sharply from 8 to −4 dB around 42 s. The following analysis in Section 3.2 tells us that this phenomenon is due to a very strong reflection path from a building on the street (shown in Figure 6 ). Because this building is located at a specific position close to the two measurement cars, its surface causes a quite powerful reflection path (shown in Figure 7 ). This situation contributes to a higher diffuse energy 2σ 2 . Moreover, we also observe that another dip appears at around 80 s. According to the video at 80 s, this was caused by other vehicles moving between the TX and RX vehicles, which blocked the signal transmission and caused an obstructed line of sight (OLOS) phenomenon [33] .
The above analysis leads to the following conclusions. Strong reflections occurring in a dense urban area will result in negative K-factor values in the LOS scenario. Furthermore, the K-factors follow a normal distribution in the carfollowing LOS dense urban-congestion scenario.
Power-Delay Profile and Path Loss.
In this study, we analyzed the channel characteristics under the WSSUS assumption mentioned in Section 3.1. WSSUS model has uncorrelated characteristics in the delay domain τ and Doppler shift domain v; meanwhile, it has wide-sense stationary characteristics in the time domain t and the frequency domain f [23] . The time-varying instantaneous PDP of P(t,τ) in t of (1) is derived for each time sample of a chirp.
Here, in (1), h(t,τ) is the complex time-varying channel impulse response derived by an inverse Fourier transform of a channel transfer function H(f,t). a i denotes the complex coefficient of each delay path, which changes over time, and τ i is the excess delay of the ith path [23] .
Under the WSSUS model, channel can be represented as a tapped delay line, where the coefficients multiplying the output from each tap varies with time. In (1), each of the N components correspond to a set of closely spaced multipath components. This model is completely deterministic only when the arrival signals are made up of complete resolved echoes. However, the receiver could not resolve all multipath components. In this case, each complex coefficient a i (t) represents the sum of several fading multipath components [23] .
The averaged power delay profile (APDP) for each WSS region of 10 wavelengths [17] can be calculated as follows:
In (2), we obtain the APDP in time of t k by averaging the n instantaneous PDPs of P(t,τ) from time in t k to t k + nΔt. t k is the first moment of each WSS window, and t k = 0, NumΔt , … , NtΔt − NumΔt ; Nt is the total chirp number in the test process. We chose the fastest speed of the two test cars during the measurement to get the integer number of chirps Num in each 10-wavelength window (0.508 m) [17] . Δt is the chirp interval of 517.2 μs. It approximately parallels the time axis, indicating that the distance between the two cars does not change much during the measurement process. A significant reflection path (reflection path 1) separate from the LOS path appears from 10 s to 50 s with an excess delay of 150 ns, as shown in Figure 7 . According to satellite images (Google Earth) and our measurement videos, there is a large building on the street (Figure 6 ) near the TX and RX (about 33 m away from the road). Considering the average TX-RX distance (around 14 m), the APDP in Figure 8 , and the geometric diagram shown in Figure 9 , we can determine that the reflection path 1 in Figure 7 is caused by a reflection on the surface of this building. Similarly, reflection path 2 (from 50 s to 100 s) and reflection path 3 (occurring after 100 s) are also derived from different buildings on the sides of the street. Therefore, reflections caused by street buildings are common phenomena in dense urban areas.
As shown in Figure 7 , the magnitude of reflection path 1 suddenly increases from −60 dB to −42 dB∼−35 dB around 40 s, forming a strong reflection path. According to our data, part of the building surface is smooth (e.g., large panes of glass and marble), which contributes to the large energy of the reflection path, which is almost as high as that of the LOS path in Figure 8 . Therefore, in dense urban areas, the smooth surfaces of street buildings will cause strong reflections. Its influence on the signal channel path loss parameters, both delay and Doppler spreads, is discussed below.
In addition to the reflection phenomena derived from the buildings rising above the street, we can also observe many other reflection paths ( Figure 7 ) moving up or down from the LOS path over time. They are mainly caused by pedestrian bridges, traffic signs, and some other facilities next to the road. In summary, the large number of reflections in this dense urban area indicates that the multipath effect is very obvious in this scenario.
According to radio transmission theory, path loss is influenced by the radiation of the transmitter and the characteristics of the propagation channel such as reflection, diffraction, and shadowing [34, 35] . The path loss is calculated by
In (3), P LS is the path loss, P TX is the TX power, G TX is the transmit antenna gain, G RX is the receiving antenna gain, and P RX is the RX received power.
In Figure 10 and Table 2 , we compare how well the oneslope model, free space model, REL model, WINNER II-B1 model, WINNER II-C2 model, ITU-R P.1411 models (upper bound, lower bound, and average value), and the model in [36] match the measured data. Generally, the measured data and propagation path loss models vary with respect to the distance between the TX and RX; however, in this study, the distance between the two measurement cars did not vary much. To better observe the effect of strong reflection on the path loss of the signal at 42 s, we treated time as the x-axis. At the same time, the degree of match for different areas of the 5 International Journal of Antennas and Propagation test can also be observed. Of these models, only the ITU-R P.1411 (upper bound) model and the model in [36] are close to our data. The other seven models differ greatly from the measured data in Figure 10 .
To select the optimal model in a quantitative way, we used three algorithms to compare the estimated data of the path loss models and the measured results of the study. The RMS error (RMSE); grey relational grade and mean absolute percentage error (GRG-MAPE), which is based on grey system theory; and the Pearson correlation coefficient and mean absolute percentage error (PCC-MAPE) were used to select the path loss model that best matches the measured data [34, 35] . The algorithms are, respectively, expressed by the following formulas:
(a) RMSE: International Journal of Antennas and Propagation (c) PCC-MAPE:
Here, h i is the value predicted by one path loss model in Figure 10 and h 0 denotes measured data. Moreover, n is the total number of all data. In (4), the RMSE takes into account the differences of the predicted and measured data. In (5), g(h 0 (m),h i (m)) denotes the grey correlation coefficient of h 0 (m) and h i (m), ξ ∈ [0,1] ρ GRG , where in general, ξ = 0.5 [37] . In (6) and (8), ρ GRG is the grey relational grade, and in (7), ρ MAPE is calculated. Parameters ρ PCC and ρ MAPE in (9) are the grey relational coefficients of the grey system theory. Finally, α, β, γ, and κ are the weights, where α + β = γ + κ = 1. In this study, α = γ = 0.1 and β = κ = 0.9 are suitable settings based on the observed data [34, 35] .
Smaller RMSE values and bigger GRG-MAPE and PCC-MAPE values represent better matches. The results of the dense city traffic congestion scenario in Table 2 shows that the path loss model of the urban environment at 5.9 GHz in [36] (RMSE: 2.5339, GRG-MAPE: 0.9590, and PCC-MAPE: 0.9242) is the optimal model. For path loss, the results of this study are consistent with those of [36] .
Note that the urban model at 5.9 GHz in [36] matches well with all measured data except at the strong reflection at 40 s. At 42 s, when the reflection path is the strongest, the difference between the measured data and model in [36] is 7.1 dB. The large gap in this section indicates that the reflection path has a large effect in the power domain on the 5.9 GHz signal in urban areas.
Delay Spread and Doppler Spread
3.3.1. Delay Spread. The delay spread is a statistical description of the delay characteristics for radio channels. It reflects the multipath effect, which is closely related to environmental factors [38] . Many experimental results show that the RMS delay spread has a direct impact on the error floor caused by the delay dispersion [6, 18, 36, 39, 40] .
Mean delay spread τ m (shown in (10)) is defined as the normalized first-order moment of the power delay profile, while the RMS delay spread τ rms (shown in (11)) is the normalized second-order central moment [32] . Using (2), they can be calculated as follows:
(a) Mean delay spread:
(b) RMS delay spread:
where P m is the zero-order moment and a reflection path is defined to be 6 dB higher than the noise floor. Many papers have measured the RMS delay spread for different scenarios. The authors of [30, 39] pointed out that the RMS delay spread of the V2V expressway in rural and urban environments is 50 ns. In [18] , it was found that in crossroads and tunnels, the RMS delay spread of a non-LOS (NLOS) path was 130 ns larger than that of a LOS path in the same scenario. Moreover, [6] measured the average RMS delay spread for a LOS path as 59 ns, whereas the RMS delay spread for the NLOS path, which was due to a large bus interrupting the path, could reach 500 ns. In this study, Section 3.1 indicates that a LOS path is the dominant component affecting our data in certain parts of the dense urban area. The RMS delay spread, as a function of time, is depicted in Figure 11 . We observe that the values of the RMS delay spread stay between 60 ns and 100 ns most of the time. The RMS delay spread we measured in this study was larger than the values in [39] [40] [41] in the urban environment and urban LOS scenarios. Note that the RMS delay spread reached a maximum of 120 ns around 40 s, which coincides with regions where a strong reflection path appears. To investigate the effects of a strong reflection path, we divided the measurement route into three parts: part 1 was 1-36 s, part 2 was 37-45 s, and part 3 was 46 s-109 s in Tables 3 and 4 . The strong reflection path appears during part 2.
According to Table 3 , the values of τ rms in part 2 are larger than those of parts 1 and 3. Because the number of paths (about 40) in part 2 are similar to those in part 1, increasing the values of τ rms in part 2 is caused by a strong reflection path. Therefore, strong reflection paths can increase the RMS delay spread. This is because the strong reflection path leads to a greater fluctuation of APDP around 40 s. Moreover, according to the AIC results, the best-fit distribution of part 2 is the Weibull distribution, which is different from the other two parts. The changes in the statistical properties of the delay are caused by the strong path (Figure 7) caused by the powerful reflection on the surface of the building in Figure 6 .
The CDFs of the mean and RMS delays are shown in Figure 12 , where 90% of the mean delay shift ranges from 50 ns to 100 ns. The RMS delay spread, which follows a lognormal distribution, is within the range lnN (4.41877, 0.16416).
This result shows that the RMS delay spread for a traffic jam scenario in Chinese dense urban areas is smaller than the results in [40] for the urban LOS environment (RMS delay of 157.5-286.6 ns) but larger than the rural LOS RMS delay (21.6 ns) near Detroit, Michigan, at 5.9 GHz. In paper [41] at 5.12 GHz in American cities, the result is larger than open-area low traffic density areas (mean RMS delay of 53.2 ns) but smaller than the RMS delay of the rest of the environment (mean RMS delays of 125.8-236 ns).
Doppler Spread.
Both delay and Doppler spreads are very useful statistical characteristics of the V2V channel [42] .
In (12), (13), and (14), P B denotes the scattering function [23] , v m is the mean Doppler shift, and S v is the RMS Doppler spread.
The authors of [18] tested many scenarios and found that the results of the RMS Doppler spread were small if two test cars had a small relative speed. This is similar to the scenario of a car following another in this study. International Journal of Antennas and Propagation
For the overall traffic jam scenario in a dense urban region, the CDF of the Doppler values can be found in Figure 13 , which indicate that they tend to follow a lognormal distribution.
In contrast to [18] , we divided the measurement route into the three parts used for the delay spread analysis to study the impact of the strong reflection on the RMS Doppler spread in Table 4 . The values of S v for all three parts are similar. This is because of the similar speeds and numbers of paths (around 40 reflection paths) for all parts. Although the values of the three parts are similar, the best-fitting distribution for part 2 is the Weibull distribution, and that for parts 1 and 3 is the lognormal distribution. This result is also because of the impact of the strong reflection caused by the street building.
The values for delay and Doppler spread under different conditions over the whole section (10%, 50%, and 90%) are summarized in Table 5 .
3.4. U-Shape Delay-Doppler Spectrum. The delay-Doppler spectrum is a very useful tool in frequency domain analysis [19, 20] . We obtained the delay-Doppler spectrum using a fast Fourier transform (FFT) over the same quasi-stationary window of 10 wavelengths. Here, P B (v,γ) is acquired by (15) [23] , where Δγ represents the Doppler resolution for s = −258 3, −258, −257 7, … , 0, … , 258 3, and is 3.94 Hz. 
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In (16) , f d is the Doppler frequency shift in Hz, v is the TX and RX relative velocity, λ is the wavelength, and θ 1 is the angle (units: degree) shown in Figure 14 . Figure 15 is a screenshot of the experiment's video at 20 s, and Figure 16 is the delay-Doppler spectrum for 20 s. Because of the short distance between the two cars, the delay of the LOS path is very small (the point marked by the white arrow in Figure 16 is the LOS path). The measured GPS data show that when TX moves away from RX, this corresponds to a negative Doppler shift of the LOS path. In the delay-Doppler spectrum, a U-shape was formed from 50 to 2800 ns. Similar U-shape phenomena were found in [43] for 5.2 GHz on a forested road somewhere near Munich as well as in [44] , which studied aeronautical channels. Walter et al. used the ellipse method to analyze this phenomenon and modeled it in [45] . Moreover, [45] defined a U-shaped delay-Doppler spectrum as a peculiar phenomenon of scatter channels. Using Walter's theory, our measurement environment is equivalent to the geometric model shown in Figure 17 . This proves that V2V in dense urban areas at low speeds also consists of scatter channels. Compared with Walter's forested road and aeronautical channels, V2V channels are more commonly found in the scenario in this study. Scatter channels formed in urban city areas also have unique characteristics.
The explanation for the results in Figure 17 is as follows. The TX and RX vehicles travelled in the same direction in the congested traffic, and their small relative velocities and short TX-RX distance caused a small Doppler frequency shift and delay values, which was analyzed in Section 3.3. Consequently, LOS path a in Figure 17 forms point a in Figure 18 . 2, 3, … , m , c, and d N N = 1, 2, 3 , … , n paths are the reflection paths derived from the surface of the building in Figure 17 . Here, M denotes the number of scatter 
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International Journal of Antennas and Propagation points in front of the RX. We assume this part of the radio signals are reflected to the RX from scatter points b 1 , b 2 , … , b m . From b 1 to b m , a larger transmission distance will lead to a bigger access delay and a smaller incidence angle θ 2 (as shown in Figure 14) , which leads to a higher Doppler frequency shift. Thus, points b M form the upper arm of the U-shape delayDoppler spectrum in Figure 18 . Compared with points b M , points d N contribute to the opposite process. TX and RX are moving far away from these points, and this causes the negative Doppler shift values in Figure 18 . Point c is located between TX and RX. Therefore, the access of point c in Figure 18 is smaller than those of points b M and d N . Meanwhile, TX is moving further from scattering point c ( Figure 17 ) and RX is approaching it. This phenomenon causes the Doppler of point c to be a very small value or equal to zero. We can also investigate the strong reflectors around 40 s in the frequency domain. Figure 19 shows the delay-Doppler spectrum at 42 s. The highlight of the strong reflection path at 150 ns can be regarded as position c in Figure 18 , which means the reflector is in the middle of two vehicles. This result supports our inference in Sections 3.1 and 3.2 that a building causes the powerful reflection around 40 s. Moreover, some metal infrastructure on the roadside (e.g., f 1 and f 2 in Figure 17 ) may also have caused other reflection phenomena. The corresponding points appear between the upper and lower arms of the U-shape in Figure 18 . The measurement-based delay-Doppler spectrum at 20 s (Figure 16 ) proves our assumption above. However, it is different from the theoretical conditions. The surfaces of the street buildings are not a uniform texture. This causes strong and weak points with different delays in the U-shaped delayDoppler spectrum. In summary, a dense urban environment with roadside buildings will also cause a U-shape to occur in the delay-Doppler spectrum, similar to that of a forest road or aeronautical channels. This can hence be determined to be a scattering channel.
The measurement results of the entire section are summarized in Table 5 .
Conclusion
In this study, we performed an experiment for a V2V scenario at 5.9 GHz in an urban congestion environment in Wuhan, China. The main aim of this test was to measure
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